Striatal projection neurons comprise two populations of striatonigral and striatopallidal neurons. These two neuronal populations play distinct roles in controlling movement-related functions in the basal ganglia circuits. An important issue is how striatal progenitors are developmentally specified into these two distinct neuronal populations. In the present study, we characterized the function of Islet-1 (Isl1), a LIM-homeodomain transcription factor, in striatal development. Genetic fate mapping showed that Isl1 + progeny specifically developed into a subpopulation of striatonigral neurons that transiently expressed Isl1. In Nestin-Cre;Isl1 f/f KO mouse brain, differentiation of striatonigral neurons was defective, as evidenced by decreased expression of striatonigral-enriched genes, including substance P, prodynorphin, solute carrier family 35, member D3 (Slc35d3), and PlexinD1. Striatonigral axonal projections were also impaired, and abnormal apoptosis was observed in Isl1 KO striatum. It was of particular interest that striatopallidal-enriched genes, including dopamine D2 receptor (Drd2), proenkephalin, A2A adenosine receptor (A2aR) and G protein-coupled receptor 6 (Gpr6), were concomitantly up-regulated in Isl1 mutant striatum, suggesting derepression of striatopallidal genes in striatonigral neurons in the absence of Isl1. The suppression of striatopallidal genes by Isl1 was further examined by overexpression of Isl1 in the striatum of Drd2-EGFP transgenic mice using in utero electroporation. Ectopic Isl1 expression was sufficient to repress Drd2-EGFP signals in striatopallidal neurons. Taken together, our study suggests that Isl1 specifies the cell fate of striatonigral neurons not only by orchestrating survival, differentiation, and axonal projections of striatonigral neurons but also by suppressing striatopallidal-enriched genes. The dual action of developmental control by Isl1 in promoting appropriate striatonigral but repressing inappropriate striatopallidal genetic profiles may ensure sharpening of the striatonigral identity during development.
T he striatum is the major input structure of basal ganglia circuits (1, 2) . The striatum comprises medium-sized spiny projection neurons (MSNs) and aspiny interneurons. There are two populations of MSNs: striatonigral projection neurons of the direct pathway and striatopallidal projection neurons of the indirect pathway (1) (2) (3) . These two neuronal populations are intermixed within the striatum without the laminar structure. The striatonigral neurons express dopamine D1 receptor (Drd1a) and substance P (SP), and they project their axons to the entopeduncular nucleus and the substantia nigra (SN). The striatopallidal neurons express dopamine D2 receptor (Drd2) and proenkephalin (Penk), and project their axons to the external segment of the globus pallidus (GP). Previous studies using FACS-array and translating ribosome affinity purification (TRAP) approaches have further characterized differential gene expression profiles in striatonigral and striatopallidal populations in postnatal striatum (4, 5) .
At the functional level, direct and indirect pathways are functionally opposed in controlling movement in basal ganglia circuits. The imbalanced activity of these two pathways results in movement disorders, such as Parkinson disease (2, 3) . Recent study further indicates that direct striatonigral and indirect striatopallidal pathways play distinct roles in control of reward and aversive behaviors, respectively (6) . Despite the well-characterized functional differences between the striatonigral and striatopallidal pathways in basal ganglia circuits, the molecular specification of striatonigral and striatopallidal neurons during development remains largely elusive.
The LIM homeodomain protein Islet-1 (Isl1) was originally identified as a transcription factor that binds to the islet β cellspecific enhancer element in the insulin gene (7) . Previous studies have indicated an important role of Isl1 in neuronal development. Null mutation of Isl1 results in cell death and/or defective differentiation of motor neurons and interneurons in the spinal cord (8, 9) ; bipolar, ganglionic, and amacrine cells in the retina (10) (11) (12) ; sensory nociceptive neurons in the dorsal root ganglia; and cholinergic neurons in the basal forebrain (13, 14) . Isl1 is therefore engaged in genetic programs for controlling cell survival and differentiation of various cell types in the nervous system.
We and other groups have previously reported that Isl1 is transiently expressed in embryonic striatum and is down-regulated after birth, except in cholinergic interneurons (14, 15) . In Significance Basal ganglia circuits are engaged in controlling psychomotor function. The circuits consist of striatonigral and striatopallidal pathways. The opposing but balanced activity of these two neural pathways is important for regulating movement-related functions. How the cell types of striatonigral and striatopallidal neurons are specified to construct these two pathways during development remains elusive. We found that the LIM homeodomain transcription factor Islet-1 (Isl1) was specifically expressed in striatonigral neurons during development. Genetic inactivation of Isl1 resulted in increased apoptosis, abnormal differentiation, and aberrant axonal projections of striatonigral neurons. These findings suggest that Isl1 plays a key role in specification of striatonigral neurons. Our study provides insights into genetic mechanisms by which basal ganglia circuits are built to function.
the present study, we first carried out a genetic fate mapping study. We found that Isl1 + progeny specifically developed into striatonigral projection neurons. Further studies by loss of function and gain of function identified a dual role for Isl1 in promoting striatonigral, but suppressing striatopallidal, developmental programs, suggesting an essential role of Isl1 in specification of the cell type of striatonigral neurons during development.
Results

Isl1 Cell Lineages Developed into Striatonigral Projection Neurons.
Isl1 is expressed in striatal cholinergic interneurons and is important for their survival and differentiation (14, 15) . In addition to cholinergic interneurons, Isl1 is expressed in other striatal neurons in embryonic striatum (15) . The down-regulation of Isl1 mRNA and protein in postnatal striatum prevented the cell types transiently expressing Isl1 to be identified in mature striatum (15) (Fig. S1 ). We therefore performed a cell lineage tracing study using a transgenic mouse approach. Isl1-Cre mice were intercrossed with Rosa26R or CAG-CAT-EGFP reporter mice (Figs. S2-S4). The lineage of Isl1-expressing cells could be traced by the β-gal reporter gene in Isl1-Cre;Rosa26R double-transgenic mouse brain. Results showed that many β-gal + cells were distributed throughout the striatum at postnatal day (P) 25 (Figs. S3 and S4). Double immunostaining of β-gal and SP, a marker of striatonigral projection neurons (4), showed that ∼95% of β-gal + cells coexpressed SP at rostral, middle, and caudal levels, whereas ∼50% of SP + cells coexpressed β-gal from rostral to caudal levels ( Fig. 1 A, C, and D). Thus, Isl1 + cell lineages comprised about half of the population of SP + striatonigral neurons. Double immunostaining of β-gal and Met-enkephalin (Enk), a marker of striatopallidal projection neurons, showed that ∼5% of β-gal + cells coexpressed Enk at rostral, middle, and caudal levels, whereas ∼7% of Enk + cells coexpressed β-gal from rostral to Fig. 1 . Majority of Isl1-expressing cells are striatonigral projection neurons. Double immunostaining of the striatonigral marker (SP) (A) and β-gal (A′) shows that more than 90% of β-gal + cells coexpress SP [A′′ (arrows) and C], whereas ∼50% of SP + cells coexpress β-gal + (D) in P25 striatum of Isl1-Cre;Rosa26R brain at rostral (R, bregma 1.3), middle (M, bregma 0.7), and caudal (C, bregma 0.2) levels. The cell counts were performed in the lateral (L) and medial (M) striatum at each level. In contrast, double immunostaining of the striatopallidal marker Enk (B, arrowheads) and β-gal (B′, arrows) shows that less than 10% of β-gal + cells coexpress Enk (B′′ and E) and less than 10% of Enk + cells coexpress β-gal (F) in P25 striatum of Isl1-Cre;Rosa26R mice. (G-K) GFP-labeled striatal (St) neurons of the Isl1 cell lineage (H) selectively project their axons through the globus pallidus (GP) GP (I) to the entopeduncular nucleus (EP) (J) and substantia nigra (SN) SN (K) in a parasagittal section of P25 Isl1-Cre;CAG-CAT-EGFP brain. The boxed regions in G are shown at high magnification in H-K. Dense GFP + fibers, presumably axonal terminals, are detected in EP (J) and SN (K). (Scale bars: A-B′′, 10 μm; G, 100 μm; H-K, 50 μm.) caudal levels ( Fig. 1 B, E, and F). Taken together, these data indicate that the majority of Isl1 + cell lineages developed into SP + striatonigral neurons.
To study the axonal projection pattern of Isl1 + cells, Isl1-Cre mice were intercrossed with the CAG-CAT-EGFP reporter mice (16) . Many GFP + cells were present in P25 striatum of Isl1-Cre; CAG-CAT-EGFP mice ( Fig. 1 G and H) . Extensive GFP + axons were found to extend from the striatum via the GP to the SN of midbrain in parasagittal sections ( Fig. 1 G-K) . A high density of GFP + neuropils was also found in the endopeduncular nucleus, the rodent equivalent of the globus pallidus internus (Gpi) that is targeted by striatonigral axons (Fig. 1J ). Therefore, these results unequivocally indicate that Isl1 cell lineages developed into striatonigral neurons.
We also estimated recombination efficiency of Isl1-Cre activity by measuring the ratio of Isl1 + ;GFP + cells/Isl1 + cells in embryonic day (E) 12.5 striatum of Isl1-Cre;CAG-CAT-EGFP mice. The Cre recombination efficiency was 87.3 ± 1.62% (Fig. S2) . Therefore, the fact that Isl1-expressing cells constitute ∼50% of the striatonigral population is unlikely to be attributable to inefficient Isl1-Cre recombination.
Double staining of β-gal with striatal interneuron markers, including parvalbumin, neuronal NOS (nNOS), and calretinin, showed that none or, at most, a few cells coexpressed β-gal and these interneuron markers ( Fig. S3 B-D). Double staining of β-gal and choline acetyltransferase (ChAT) showed that β-gal was colocalized in ChAT + striatal interneurons ( Fig. S3A ), which was consistent with previous reports that Isl1 is expressed in striatal cholinergic interneurons (14, 15) .
Isl1 Cell Lineages Were Present in Both Striosomal and Matrix
Compartments of the Striatum. Because Isl1 cell lineages comprised ∼50% of striatonigral neurons, we tested whether Isl1 cell lineages had a preference for developing into striosomal populations, which also project their axons to the SN (17) (18) (19) (20) . Double staining of β-gal and mu-opioid receptor (MOR1), a marker of striosomes, showed no preferential localization of β-gal + cells within MOR1 + striosomes ( Fig. S4A ). Double staining of β-gal and calbindin, a marker of the matrix population, showed that β-gal + cells were present in both calbindin-poor striosomes and calbindin-rich matrix (Fig. S4B ). These findings indicate that Isl1 cell lineages contributed to the population of striatonigral neurons without compartment-specific preference.
Reduction of Striatonigral-Enriched Genes in Isl1 Mutant Striatum.
Given that Isl1 was transiently expressed in striatonigral neurons, we performed a loss-of-function study to investigate whether Isl1 might regulate neural development of striatonigral neurons. Previous studies have shown that Isl1 germ-line KO mice die at E10.5 owing to developmental defects in heart formation (8) . We then intercrossed Isl1 conditional KO mice carrying a LoxPflanked Isl1 null allele (Isl1 f/f ) with Nestin-Cre mice to generate neural-specific Isl1 KO mice. Because Nestin-Cre;Isl1 f/f conditional KO (ncKO) mice died after birth, we then analyzed the phenotype of E18.5 mutant striatum in ncKO mice. Successful ablation of Isl1 and consequent loss of Isl1 protein in mutant brain was confirmed by Isl1 immunostaining, which demonstrated complete loss of Isl1 immunoreactivity in mutant striatum ( Fig. S5 ).
We investigated whether striatonigral-enriched genes were affected in Isl1 mutant striatum by examination of gene expression levels of SP, prodynorphin (Pdyn), Chrm4, Slc35d3, PlexinD1, Mef2c, Ebf1, and Drd1a, which are known to be preferentially expressed in striatonigral neurons (4) . Quantitative RT-PCR (qRT-PCR) analyses showed significant reductions of SP (16.34 ± 5.9% of control, P < 0.05, n = 4), Pdyn (39.28 ± 8% of control, P < 0.001, n = 4), Slc35d3 (35.67 ± 4.0% of control, P < 0.001, n = 4), PlexinD1 (38.27 ± 2.8% of control, P < 0.001, n = 4), and Chrm4 (60.69 ± 18.8% of control, P < 0.05, n = 4) in ncKO striatum relative to controls ( Fig. 2G ). No significant change was noted for Ebf1 (84.16 ± 11.8% of control, P > 0.05, n = 4), Mef2c (77.97 ± 21.7% of control, P > 0.05, n = 4), and Drd1a (131.11 ± 24.3% of control, P > 0.05, n = 4) in mutant striatum relative to controls ( Fig. 2G ).
Aberrant Expression Patterns of SP, PlexinD1, and Dopamine D1
Receptor in the Striatonigral Pathway of Isl1 Mutant Brain. Downregulation of striatonigral-enriched genes was further confirmed by immunostaining of SP and plexinD1. Expression of SP was patchy in control E18.5 striatum of Nestin-Cre;Isl1 f/+ brain, particularly at the midcaudal level ( Fig. 2A ). SP + axons projected from the control striatum via the GP, diencephalon/telencephalon boundary (DTB), and cerebral peduncle into SN (Fig.  2D ). In Isl1 mutant striatum, SP immunoreactivity was dramatically reduced, with weak signals present in the ventrolateral striatum ( Fig. 2A′ ). A few SP + axons were found along the axonal trajectory routes to SN, such that only weak SP + immunoreactivity was detected in SN ( Fig. 2D′ ). Immunostaining of plexinD1, a striatonigral-enriched gene that marks striatofugal projections (21) , showed that plexinD1 immunoreactivity was mainly present in the medial part of control E18.5 striatum ( Fig. 2 B and E). In Isl1 mutant brain, plexinD1 immunoreactivity was dramatically reduced in the striatum and SN ( Fig. 2 B′ and E′). Dopamine D1 receptor (D1R) immunostaining showed that instead of D1R + patches in control E18.5 striatum at midcaudal levels, D1R immunoreactivity was concentrated in the ventrolateral mutant striatum without a patched pattern ( Fig. 2 C and C′). Consistent with decreased SP + and plexinD1 + axonal projections to SN, a significant reduction of D1R + axons was also found in mutant SN ( Fig. 2 F and F′) .
Defective Striatonigral Projections in Isl1 Mutant Brain. Concurrent decreases of SP + , plexinD1 + , and D1R + axons in the striatonigral pathway in Isl1 mutant brain suggested defective axonal outgrowth and/or navigation in Isl1 mutant brain. We therefore traced striatonigral axons by anterograde labeling of striatal axons with DiI at E18.5. Many DiI-labeled axons could be traced from the striatum via the DTB and cerebral peduncle into SN in control brain ( Fig. 3 A1 and A2) . By contrast, a significant reduction of DiI-labeled axons was found along the trajectory routes in the mutant brain. In mutant SN, only a few DiI-labeled axons were detected ( Fig. 3 A1′ and A2′) . These results clearly demonstrated that the axonal projections of striatonigral neurons were impaired in Isl1 mutant brain.
Striatofugal axons are known to extend from the lateral ganglionic eminence (LGE) through the DTB into the cerebral peduncle as early as E13.5 (22) . To examine the projection pattern of striatofugal axons at early developmental stages in Isl1 mutant brain, we analyzed the expression pattern of OL-protocadherin (OL-pc, protocadherin-10), a marker of striatofugal axons at early embryonic stages (22) . In control E12.5 brain, OL-pc + striatal axons extended through the Nkx2.1 + mantle zone of medial ganglionic eminence (MGE), passing through the DTB and then into the cerebral peduncle ( Fig. 3 E-F4 ). In Isl1 mutant brain, however, OL-pc + striatal axons did not converge through the Nkx2.1 + mantle zone. Instead, some extended aberrantly around the Nkx2.1 − corridor cell region and the pial surface of the ventral telencephalon. Moreover, the density of OL-pc + axonal bundles was significantly decreased in the DTB region ( Fig. 3 E-F4′ and G′). Similar results were found in E13.5 mutant brains ( Fig. 3 H1-H4′ and I′). Decreased OL-pc + axonal projections were also observed in E11.5 mutant brain, in which weakly staining OL-pc + axons were present in the ventrolateral ganglionic eminence (GE) and DTB ( Fig. 3 C1-C3′ ). These findings indicated that defective striatofugal axonal projections occurred as early as E11.5 in Isl1 mutant brain.
Interestingly, the defective striatofugal projections in Isl1 mutant brain were similar to those of Pax6 mutant brain (22) . We then examined Pax6 expression at E13.5 by in situ hybridization. We found that the number of Pax6 + cells was decreased in Isl1 mutant brains and, moreover, that the distribution of Pax6 + cells in the dorsal LGE (dLGE) along the pallium/ subpallium borders was shifted laterally in ventral mutant telencephalon compared with control brain ( Fig. 3 D and D′) , suggesting that permissive areas along the trajectories of striatofugal axons were abnormal. Later in development at E18.5, aberrant striatonigral projections over the mutant corridor region could be observed with D1R + axons (Fig. 3B′ ). In horizontal sections of control striatum, D1R + axons were observed in an oblique trajectory passing through the GP (Fig. 3B ). In mutant striatum, trajectories of D1R + axons, however, shifted more medially to enter the corridor region that was avoided in control striatum (Fig. 3B′ ).
Abnormal Death of Early-Born Cells in Isl1 Mutant Striatum. Reductions in striatonigral markers and axonal projections raised the question as to whether abnormal cell death occurred in Isl1 mutant striatum. Consistent with this possibility, striatal areas were decreased by ∼30% in E18.5 mutant striatum at midcaudal and caudal levels (midcaudal level, control vs. mutant: 9.90 ± 0.66 × 10 5 vs. 7.14 ± 0.55 × 10 5 , P < 0.001, n = 9; caudal level, control vs. mutant: 7.40 ± 0.76 × 10 5 vs. 5.64 ± 0.44 × 10 5 , P < 0.01, n = 9; Fig. S6I ). Immunostaining of activated caspase 3 (AC3) showed no significant change of AC3 + apoptotic cells in E12.5 mutant LGE (rostral level: control vs. mutant: 4.52 ± 0.35 vs. 4.69 ± 0.37, P > 0.05, n = 3; caudal level: 2.68 ± 0.31 vs. 4.83 ± 0.97, P > 0.05, n = 3; Fig. S6 A, A′, and D) . In E13.5 mutant striatum, AC3 + apoptotic cells were increased by 1.98-fold and 1.67-fold at rostral and caudal levels, respectively (rostral: control vs. mutant: 1.69 ± 0.14 vs. 3.34 ± 0.22, P < 0.001, n = 3; caudal: 2.00 ± 0.26 vs. 3.34 ± 0.31, P < 0.05, n = 3; Fig. S6 B, B′ , and E). By E15.5, AC3 + cells were also increased by 1.45-fold at the caudal level in Isl1 mutant striatum (rostral: control vs. mutant: 4.02 ± 0.24 vs. 5.17 ± 0.49, P > 0.05, n = 3; caudal: 5.53 ± 0.40 vs. 8.02 ± 0.57, P < 0.05, n = 3; Fig. S6 C, C′, and G). It was notable that AC3 + cells were predominantly present in the ventricular zone (VZ) and subventricular zone (SVZ) of E13.5 mutant striatum ( Fig. S6F ), suggesting that abnormal cell death occurred during early stages of differentiation.
Reduction of Early-Born Striatal Neurons in Isl1
Mutant Striatum. To study further whether Isl1 mutation-induced apoptosis occurred in specific populations of developing striatal cells, we performed a pulse-chase study by pulse-labeling striatal cells with BrdU at E11.5, E12.5, or E15.5, and then quantifying the number of BrdU-labeled cells at E18.5 to assess for loss of labeled cells. Results demonstrated that BrdU + cells labeled at E11.5 were reduced by ∼40% in E18.5 mutant striatum at midcaudal and caudal levels (midcaudal level, control vs. mutant: 123.8 ± 14.3 vs. 75.2 ± 8.7, P < 0.05, n = 3; caudal level, 104.7 ± 9.8 vs. 63.3 ± 8.4, P < 0.05, n = 3; Fig. S6 H, H′, and J) . However, no significant difference in BrdU + labeling at E12.5 or E15.5 was found between control and mutant striatum ( Fig. S6 K and L) .
A reduction in striatal area might also reflect altered cell proliferation in Isl1 mutant striatum. We assayed cell proliferation by immunostaining for phosphohistone 3 (pH3), a marker of mitotic cells. Results demonstrated no changes in pH3 + cell density in VZ of E12.5 and SVZ of E13.5 mutant LGE (E12.5 rostral: Fig. 3 . Defective striatofugal projections in developing Isl1 mutant brains. (A1-A2′) Anterograde labeling of striatofugal axons by placing DiI crystals in E18.5 rostral striatum. The descending DiI-labeled striatofugal axons project through cerebral peduncle (CP) (A1) into SN (A2) in control brain. In contrast, significant reduction of DiI-labeled striatofugal axons is observed in CP (A1′) and SN (A2′) in Isl1 mutant brain. (B) Striatal D1R + axons enter Nkx2.1 + GP with a path at an angle of ∼45°(arrows) in control striatum as shown in horizontal sections of E18.5 brain. (B′) Routes of D1R + axons shift to the plane parallel to the midline (arrows) when they enter the GP in Isl1 mutant brain. OL-pc + striatofugal axons navigate from the striatal anlage (C1) through the ventral telencephalon to the DTB (C2 and C3, arrows) of E11.5 control brain. Reduction of OL-pc + striatofugal axons is found at the DTB of Isl1 mutant brain (C2′ and C3′, arrows). (D and D′) Pax6 + cells, instead of lining the pallium/subpallium border, are located more laterally in E13.5 mutant telencephalon compared with those in control brain. (F1-G′) By E12.5, misrouted OL-pc + axons are found in the regions around Nkx2.1 + GP or in the pial surface of the ventral mutant telencephalon in which ectopic Nkx2.1 + cells are detected (G and G′, double arrows). Reduction of OL-pc + axons is also found in the path from the DTB to CP (F2 and F2′ (arrows) and F3-F4′). Similar results are found in E13.5 Isl1 mutant brain (H1-I′). The boxed regions in F1-H1′ are shown at high magnification in G and G′ and I and I′, Mild increases in pH3 + cell density were observed in E12.5 SVZ and E13.5 VZ at caudal levels (E12.5, control vs. mutant: 1.28 ± 0.01 × 10 −4 vs. 1.48 ± 0.05 × 10 −4 , P < 0.05, n = 3; Fig. S7 A, A′, and D; E13.5, control vs. mutant: 3.97 ± 0.04 × 10 −2 vs. 4.46 ± 0.06 × 10 −2 , P < 0.001, n = 3; Fig. S7 B, B′ , and E).
Coordinated Increases of Striatopallidal-Enriched Genes in Isl1 Mutant
Striatum. In addition to striatonigral neurons, we examined whether loss of Isl1 affected development of striatopallidal neurons. Remarkably, qRT-PCR analysis indicated that a repertoire of striatopallidal-enriched genes, including Drd2, Penk, adenosine receptor A2a (A2aR), and G protein-coupled receptor 6 (Gpr6) mRNAs (4), was significantly up-regulated in Isl1 mutant striatum (Drd2, 159.79 ± 25.68% of control, P < 0.05, n = 4; Penk, 178.91 ± 27.90% of control, P < 0.01, n = 4; A2aR, 155.13 ± 17.21% of control, P < 0.01, n = 4; Gpr6, 147.61 ± 10.31% of control, P < 0.01, n = 4; Fig. 4D ). In situ hybridization analysis confirmed that Drd2 mRNA was increased by ∼1.5-fold in Isl1 mutant striatum throughout rostrocaudal levels ( Fig. 4 A, A′, and C) . Immunostaining of Met-Enk also demonstrated increased Enk protein expression in mutant striatum ( Fig. 4 B and B′) . These results revealed an unexpected role of Isl1 in suppressing striatopallidalenriched genes during striatal development.
Given that Isl1 cell lineages develop into striatonigral neurons, the next question was whether Isl1 mutation-induced increases of striatopallidal genes occurred in striatonigral neurons. Because D1R, presumably still expressed by mutant striatonigral cells, remained in the ventrolateral part of Isl1 mutant striatum, it allowed us to use D1R as a marker for striatonigral neurons in mutant striatum. We performed D1R and Drd2 double immunostaining and in situ hybridization to see if D1R and Drd2 were colocalized in striatonigral neurons. In control striatum, a few D1R + cells coexpressed Drd2 (D1R + ;Drd2 + cells/D1R + cells × 100% = 14.67 ± 1.06%, n = 3; Fig. 4 E-E′′ and I). In contrast, D1R + and Drd2 + double-labeled cells were increased by 2.14fold in the mutant striatum (D1R + ;Drd2 + cells/D1R + cells × 100% = 31.37 ± 1.70%, P < 0.01, n = 3; Fig. 4 E-F′′ and I) . Similar results were found in double labeling of D1R and Penk, in which D1R + and Penk + double-labeled cells were significantly increased in mutant striatum (D1R + ;Penk + cells/ D1R + cells × 100%, control vs. mutant: 2.08 ± 2.08% vs. 17.70 ± 4.79%, P < 0.05, n = 3; Fig. 4 G-H′′ and J) . These findings indicated that D1R-containing striatonigral and Drd2-containing striatopallidal neurons were predominantly distinct populations in control E18.5 striatum, and further suggested that loss of Isl1 led to derepression of striatopallidal Drd2 and Penk genes in striatonigral neurons.
Ectopic Isl1 Expression Suppressed Drd2 Expression in Striatopallidal
Neurons. We then performed a gain-of-function study to see whether Isl1 could suppress the striatopallidal gene Drd2. A pdCALL2-myc-Isl1 expression plasmid was coelectroporated with pCAG-mCherry plasmid into E13.5 embryonic striatum by in utero electroporation. Most, if not all, mCherry + cells coexpressed myc-Isl1 as demonstrated by double labeling of myc and (Fig. S8 ). Coelectroporation of pdCALL2-myc-Isl1 and pCAG-mCherry plasmids was then performed in E13. 5 LGE of Drd2-EGFP BAC transgenic mice in which EGFP was driven by Drd2 promoter to be expressed in Drd2 + striatopallidal neurons. The electroporated brains were then analyzed at E18.5 (Fig. 5A) . The ratio of Drd2-EGFP + ;mCherry + cells/mCherry + cells was significantly decreased by 53% in the pdCALL2-myc-Isl1 group compared with the mock control group (mock vs. Isl1: 37.69 ± 3.71% vs. 17.64 ± 3.47%, P < 0.01, n = 4; Fig. 5 B-H) . These results suggested that ectopic Isl1 expression was sufficient to repress Drd2 expression in striatopallidal neurons.
Discussion
In the present study, we have characterized cell types that transiently expressed Isl1 in striatum and further demonstrated the importance of Isl1 in striatal development. Isl1 was specifically expressed in ∼50% of striatonigral neurons during development. Conditional deletion of floxed Isl1 in neural progenitors by Nestin-Cre resulted in defective differentiation and axonal projection of striatonigral neurons. Moreover, striatopallidal genes were derepressed in striatonigral neurons, and overexpression of Isl1 was sufficient to suppress Drd2 expression. Therefore, Isl1 not only serves as a striatonigral marker in striatal neurogenesis but plays a pivotal role in promoting a striatonigral developmental program, concurrently suppressing striatopallidal genes to sharpen striatonigral cell identity.
Heterogeneous Populations of Striatonigral Projection Neurons. We have previously shown transient Isl1 expression in the developing striatum, with the exception of cholinergic interneurons (15) . Our present genetic cell lineage tracing study clearly indicated that striatonigral neurons were heterogeneous in terms of Isl1 expression. Isl1 + and Isl1 − cell lineages contributed equally to SP + striatonigral neuronal populations. There was no apparent preferential localization of Isl1 + neurons with respect to striosome/matrix compartments, nor did the axonal terminals of Isl1 + neurons show a specific topographical pattern in the SN. It will be of interest to determine whether there are any functional differences between these two populations of striatonigral neurons.
Isl1 Controls Striatonigral Axonal Projections. Previous studies have shown that Isl1 regulates axonal growth and pathfinding in retinal ganglion cells and sensory nociceptive neurons (12, 13) . In the present study, the importance of Isl1 in regulating striatonigral projections was demonstrated by decreased DiI-labeled and D1R + striatonigral axons in Isl1 mutant brains at E18.5. Decreases in striatonigral projections was observed in mutant brains as early as E11.5-E12.5; at this stage, no significant increases in cell apoptosis were observed and no decreases in pH3 + mitotic cells were found in mutant brain.
Because Isl1 + cells were detected as early as E11.5 when OLpc + striatofugal axons appeared, it is likely that axons of Isl1 + cells constituted pioneer axons of the striatofugal pathway that innervated the SN. Defective striatonigral projections were already detected as early as E11.5-E12.5; at this stage, most OLpc + striatofugal mutant axons, instead of navigating through GP and the DTB to the cerebral peduncle, failed to converge through GP and were misrouted into the corridor cells area or the pial surface of ventral telencephalon. Because OL-pc is known to regulate outgrowth and navigation of striatofugal axons (22) , Isl1 might regulate OL-pc to control striatofugal outgrowth. However, OL-pc expression did not appear to be altered in Isl1 ncKO striatum. It would be of interest to see whether defective trajectories of OL-pc + striatofugal axons might be secondary to defective formation of the corridor cell region in which Isl1 is expressed (23) .
The phenotype of defective striatofugal projections in Pax6 mutant brain is similar to that observed in Isl1 mutant striatum (22) . Notably, Pax6 + cell numbers were decreased in Isl1 ncKO brains, and Pax6 + cells in dLGE along the pallium/subpallium boundaries were located more laterally in ventral mutant brains than in control brains. These findings suggested that Isl1 may non-cell-autonomously regulate the distribution of Pax6 + cells, which may, in turn, affect striatonigral projections. Another molecule known to be involved in striatonigral projection is Ebf1. In Ebf1 KO brain, striatonigral axons are able to project to SN but they are aberrantly distributed in SN (4). This phenotype is different from that in Isl1 mutant brain, because most striatonigral axons failed to reach the SN. Consistently, Ebf1 expression was not altered in Isl1 mutant striatum, suggesting that Isl1 and Ebf1 act in parallel to regulate axonal projections of striatonigral neurons.
Isl1 Regulates Cell Survival and Differentiation of Striatonigral
Neurons. Our study found that increased apoptotic AC3 + cells did not occur until E13.5 in LGE of striatal primordia. Many AC3 + cells were present in SVZ of the E13.5 germinal zone of ncKO brains, suggesting that a population of striatal cells died during early differentiation before sending out long-range striatofugal axons in SVZ of ncKO brains. Isl1 is clearly required for survival of this cell population. In fact, early-born BrdU E11.5 cells may constitute part of this cell population, because BrdU E11.5 cells were lost in E18.5 ncKO striatum. Nonetheless, there were other cell populations that could survive through E18.5 in Isl1 ncKO striatum, but the majority of them failed to develop into proper striatonigral neurons, and they had prominent defective striatonigral axonal projections. In E18.5 control striatum, D1R + striosomes comprising early-born cells formed patches (24) . Instead of forming patches, D1R + cells in Isl1 ncKO striatum, presumably striatonigral cells, were aberrantly located in the ventrolateral striatum, but D1R + axons were dramatically reduced in SN of mutant brains, suggesting that prenatal survival of striatonigral neurons may not depend on SN-derived factors, although it has been proposed that innervation of SN by striatonigral axons is required for survival of early-born striatonigral neurons during the cell death period in the first postnatal week of developing rat striatum (25) . We cannot, however, rule out the possibility that there may be D1R − striatonigral cells with defective striatonigral projections that died in ncKO mutant striatum.
Isl1 Specifies the Cell Identity of Striatonigral Neurons. In addition to controlling striatonigral axonal projections, Isl1 regulated the genetic profiles of striatonigral neurons, because a set of striatonigral-enriched genes, including SP, Pdyn, Slc35d3, Chrm4, and PlexinD1, was coordinately decreased in Isl1 ncKO stratum. Such coordinated regulation of striatonigral-enriched genes by Isl1 implicates a central role of Isl1 in specifying the cell fate of striatonigral neurons. The importance of Isl1 in specification of striatonigral neurons is further evidenced by the concomitant upregulation of a set of striatopallidal-enriched genes, including Drd2, Penk, Gpr6, and A2aR in mutant striatum. Double labeling of D1R and Drd2 or Penk showed increases of D1R + /Drd2 + and D1R + /Penk + double-labeled cells in Isl1 ncKO striatum, suggesting derepression of striatopallidal genes in striatonigral neurons without Isl1. Overexpression of Isl1 in Drd2-EGFP BAC transgenic striatum further supported this hypothesis, because Isl1 overexpression was sufficient to suppress Drd2-EGFP signals. Given that Isl1 was expressed in striatonigral neurons, the derepression of striatopallidal-enriched genes as a result of loss of Isl1 suggested that Isl1 normally suppresses striatopallidal-enriched genes. Taken together, the function of Isl1 was to specify the identity of striatonigral cells by promoting striatonigral-enriched genes and suppressing striatopallidal-enriched genes.
Regarding the molecular mechanisms by which Isl1 specifies cell types, Isl1 is known to specify different cell types by interacting with different transcription regulators (26) . A recent study indicates that coexpression of Ngn2, Isl1, and Lhx3 is able to specify mouse ES cells into spinal motor neurons (27) . Interestingly, replacing Lhx3 with Phox2a leads to specification of cranial, rather than spinal, motor neurons. The different cell fate specification by Isl1-Lhx3 and Isl1-Phox2a complexes is determined by binding of these two complexes to distinct genomic locations (27) . It is plausible that Isl1 may interact with other transcriptional regulators to specify striatonigral cells.
It has been reported that a gene expression program common to the spinal cord and hindbrain, including Lhx1, Lhx2, Lbxcor1, Olig1, and Olig2, is derepressed in developing sensory neurons of Isl1 KO mice (13) . Prolonged, rather than transient, expression of basic helix-loop-helix transcription factors, including Neurog1, Neurod1, Neurod4, and Neurod6, is also found in developing sensory neurons of Isl1 KO mice. Conceivably, Isl1 may interact with different cofactors to activate or inhibit different target genes. Along this line, one may speculate that Isl1, by interacting with different transcriptional regulators, may differentially promote striatonigral genetic programs and repress striatopallidal genetic programs.
Given the selective expression of Isl1 and its key role in development of striatonigral cell lineages, it is essential to know the upstream factors that regulate Isl1 expression. Isl1 is downstream of the Gsx2 and Dlx1/2 genetic cascades that control patterning and specification of striatal progenitors (28, 29) . Isl1 is also inducible by sonic hedgehog in the process of differentiation of basal telencephalic cells from ES cells (30) . It is yet unknown how Isl1 is programmed to be selectively expressed in striatonigral cell lineages. It is likely that combined actions of different signaling molecules may direct specific expression of Isl1 in striatonigral cell lineages, which will require further study in the future.
Materials and Methods
In Utero Electroporation. The pCAG-mCherry, pdCALL2, and pdCALL2-myc-Isl1 plasmids were prepared using an endotoxin-free kit (Qiagene). The pCAG-mCherry plasmid was mixed with the pdCALL2 or pdCALL2-myc-Isl1 plasmids at a ratio of 3:1 (vol/vol). Mixed plasmids (1.2 μL at 2 μg/μL) were injected into the lateral ventricle of E13.5 forebrains of Drd2-EGFP mouse embryos, followed by electroporation (33 V, 30 ms, four pulses; BTX ECM 830). The electroporated brains were harvested at E15.5 or E18.5 for histological analysis.
Image Analyses, Quantification, and Statistics. Microscopic analysis was performed using a fluorescence microscope (Olympus BX51) and a confocal microscope (Zeiss LSM700). Brightness adjustments for the whole field of photomicrographs were made, and final plates were composed using Adobe Photoshop CS (Adobe Systems). Quantification of cell number and area was performed with the aid of ImageJ software (National Institutes of Health). The number of pH3 + cells was normalized with the length of VZ or the area of SVZ in the germinal zone. The Student t test was used for statistical analysis.
